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3,259,018 
LIGHT MODULATOR USING A VARFABLE SPAC- 
ING DIFFRACTION GRATING 
Leo F. Johnson, North PlainGeld, and Dawon Kahng, 
Somerville, NJ., assiznors to Bell Telephone Labora. 
torles, Incorporated, New York, N.Y., a corporation of 
New York 
Filed June 30, 1961, Ser. No. 121,139 
3 Claims. (CL 88—61) 


This invention relates to light modulators and mare 
particularly to light modulators employing diffraction 
apparatus, 

The recent invention of the optical maser has mad: 
possible the cencration of hich intenaly mono hromatic 
eoherent fight beams. Such beams may be propagated 
with extreme directionality and are, therefore, potentially 
useful in point-to-point communications systems, Optical 
masers for use in communications are also advantageous 
in that highly directional beams may be produced without 
the need for large antenna structures frequently asso. 
ciated with systems utilizing electromagnetic rad‘ation 
of fonger wavelensths. In addition, the enormously high 
frequencies of optical radiation make passible the trans- 
mission of much larger quéntitics of information than 
has heretofore been possible with radiation in lower bands 
of the electromagnetic frequency spectrum. Ta order 
fo realize’ the potential of the newly discovered aptical 
Masers as communications deviers it is necessary that 
apraratus be provided for modulating light waves at high 
frequencies. 

TCis an object of this invention to modulate the ampli- 
tude of monochromatic light cnergy ia accordance with 
hish (requency signal information. 

The above-mentioned and other objects of the Inven- 
fion are achieved in ane illustrative embodiment thereof 
comprising a piezoelectric member having a diffraction 
erating on a specular surface thereof. The diffraction 
grating is characterized by a predstermined grating spac- 
ing, so that when a monochromatic beam of parallel ight 
rays is directed thercaguinst a diffraction nattern is pro- 
duced having a plurality of well-defined maxima. A pair 
of electrodes are provided for applying to the piezcelec- 
tric member a modulated oscillatary cfectric field at a 


‘frequency corresponding to a fundamentat mechanical 


resonance thereof. By causing the piezoclectric member 
to vibrate in a fundamental mode the clectric field causes 
the. grating spacing to oscillate correspondingly. As the 
angle of diffraction for ght of a given frequency is de- 
pendent on the grating spacing, the maxima of the dif- 
fraction pattern are also caused to oscillate about a mean 
diffraction angle. The maximum angutar deviation of the 
diffraction pattern varies with the amplitude of the modu- 
lated oscillatory electric field, hence amplitude modula- 
tion of the light is achievable by means responsive to 
changes in the angle of diffraction. 

It is a feature of the invention that the member sup- 
porting a diffraction grating is cau-ed to vibrate in a 
fundamental resonant mode, whereby the characteristic 
grating © stant is caused to oscillate about a mean value. 

itis ner feature of the inverUen that the maximum 
angular deviation of the diffraction pattern is modulated 
by modulating the amplitudes of the grating vibration. 

Itis a further feature of the invention that the ampli- 
tude of a Nght beam is modulated by mudulating the spac- 
ing between the Hnes of a-diftvactioa erating. : 

These and other objects and features of the Iavention 
will be better understood from the following more de- 
tailed discussion taken im conjunction with the accom. 
ponying drawing in which: - : 


FIG. 1 depicts an illustrative erabodiment of the in- | 
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FIG, 2 depicts schematically a diffraction grating and 
the diffraction patterns corresponding ta various values 
of the grating characteristics, 

Turning now to FIG, 1, there is shown a light modu. 
lator in accordance with the principles of the invention, 
comprising a piezoelectric member 2 of a material such 
as, for example, quartz or barium titanate. A diffraction 
grating 3 is ruled on a flat specular surface 2 of the mem- 
ber l. Electrodes 4 and 3 are provided on opposite sides 
of the member 1 so that, by applying a potential differ. 
ence therebetween an electric field may be established 
which extends throuch the volume of the piezcelectric 
member I. An oscillatory electric field, produced by 
applying to the electrodes 4 and $a tinss-varving potential 
difference generated by a source 9, sublects the member L 
to oscillatary stresses which drive it ta vibrate. Ta age 
cordance with a feature of the invention, the member IE 
is driven to vibrate in a fundamental resonant mode so 
that time-periodic compression and rarcfaction is pres 
duced along the length of the grating 3, corresponding to 
the x-dimension of the mentber 1, whereby the width and 
spacing of the slits is varied correspondingly, 

Now when’a monochromatic fickt keam from a seuree 
such as an opiicat maser 6 is normaily incident on the 
erating a characteristic diffraction pattern js pred iced. 
The intensity function I of the pattern is given by 


(b in? @ sin? NE 
T=R. gs sin? P 


where 


xwasin & 
er etitas 


© N 


pea résin 
a==Width of slits 
d==separation of slits 
O=rangle of diffraction 
Az=wavelength of light 
Ro=constant depending on optical maser intensily 
Na=number of slits utilized 
The factor 
‘ sin? NP 
sin? [ : 

represents the interference pattern for light diffracted by 
N slits, while : 

i sin? g 

! Ae 
Tepresents the envelope function. The angular disper- 
sion of the principal maxima of the interference pattern 
is defined by the well-known grating equation 


(2) d'sin 0==7r (m=1,2 0...) 


where 2 refers to the order of the diffraction. 

As a and d change under the influence of the strains 
produced in the member t by the vacyiag electric Geld, 
the angular dispersion of the diffraction pattern chances 
ulso. Thus, if a principal snaxinnum falls om an apertim 
7 In an opaque member 3 when the member & is un- 
strained, the periodic fluctuation of the crating character. 
istics may bé tronsformed into fluctuaticas in the amouct 


. of light which passes therethrough. As will appear, the 


width of aperture 7 is advantaseously equal to the wiith 
of the principal maximum wlich is directed to it, 

FIG, 2 illustrates schematically. the effect of changes in 
the grating characteristics on the diffraction angle 8 for 
Heht of a given wavelength. A portion of the incident 
light eneccy, indicated by the shaded area z—=0, from 
source § passes through grating 3 without deflection, 
while higher orders ate represented by portions of suc- 
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cestively decreasing intensity which are diffracted at suc- 
cessively increasing angle @ As the member 1 is piezo- 
electrically stressed to decrease the width and spacing of 
the slits of grating 3, the diffraction angle @ increases for 
each order number, the position of the intensity maxima 
being represented in the figure by the solid curves, Con- 
versely, as the grating is expanded tne maxima are shifted 
in the opposite direction as shown by the dotted curves. 

The chance -34 in the diffraction angle @ is related to 
the change Sd a spacing d by Equation 3. 


(3) a eee 
“-G@)] 


In order to achieve 100 percent modulation of light of a 
particular wavelength % the angular displacement 49 of 
a principal maximum for a chance of prating spacing Ad 
must exceed the angular resolution of the grating. The 
angular width at balf intensity of a principal maximum 
is given by 
(4) a 
B= Ng cos 8 

To a good approximation the angular width of the dis- 


placed maximum will be the same. Thus, 
(5) AO yy Ad 
NRG 


and the strain required to change the grating spacing suffi- 
ciently to shift the first order maximum off a slit having 
the same angular width is 


(8) ad_2 
ad nN. 


Although it appears from (6) that N should be as fare 
as possible it is important to note that at the same time 
the width y of the member I should be as small as possible 
since this dimension determines the fundamental resonant 
frequency and the medulation bandwidth which may be 
achieved, 

it can be shown the modulation bandwidth is, to a good 
approximation, given by 


(7) Af=kfp 


where & is the electromechanical coupling factor and fp 
is the fundamental resonant frequency of member 1. The 
coupling factor & is large within the resonant band, and 
falls off rapidly outside it. In addition, the efficiency of 
coupling at resonance makes it possible to drive the mem- 


ber 1 with less power than would otherwise be required. 


Consider an optical maser beam having a wavelength 
of 0.74 and a diameter of 0.1 centimeter, which is nor- 
mally incident on a grating having 1000 lines/mm. 
From (6), it is ae that 
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for 100 percent modulation. Such a strain may be pro- 
duced ia barium titanate, for example, in the longitudinal 
thickness mode with ficlds of about 10,000 volts/cm. su- 
perimpoxed ca a direct current bias ficld of 10,000 volts/ 
cm. The fondJamental resonance frequercy is about 1.2 
megacycles and k=0.5. If the size of the beam and the 
grating are reduced by a factor of 10 the bandwidth Is in- 
creased accordingly, although at the expense of 2 decreace 
in medulasica to 10 percent, 

Thus it cra be scen that, in accordance with the inven- 
tion the charsctevistics of a diffraction grating may be 
periodicaliy varied in tinte by causing its support members 
to vibrate ix cn appropriate fundamental resonant mode. 
Amplitude modulat‘on of light is thea achieved with the 
aid of arrarstus responsive to deviaticn of the anzle of 
diffraction <bout a mean value, with bandwidth being 
dependent oa foth the resonant frequency of the grating 
and the clestromechanical coupling factor, 

While the invention has been described herein with 
reference to a specific illustrative anc at other ar- 
rangemenis may be devised by those stilled in the art 
without depzriing from its spirit and scope. 

What is claimed is: 

1 Light coodulating apparatus comprising a piezcelec- 
tric member Raving on a surface thereof aa optical difrac- 
tion grating characterized by a predetermined grating 
spacing. means for projecting a beam of light to te “modu. 
Jated onto szid grating thereby producing a diffraction 
pattern, means for applying to said member a modulated 
oscillatory e%sziric field for causing said member to vi- 
brate in a fu-damental resonant mode, the frequency of 
said field -eing substantially equal to the fundamental 
natural resonance of said member, thereby producing 
corresponding oscillatory changes in the grating spacing 
and consequontly in the diffraction pattern, maans fur 
modulating «2:4 oscillatory electric eld, and out e 
responsive ta the modulation of said oscillauay ‘changes 


‘of the diffraction pattern. 


2. Apparatus as in claim 1 wherein said licht team to 
be modulated is substantially monochromatic and said 
output means cemprises an opaque meinber having a lisht 
transmissive aperture, 

3. Apparatus 2s in claim 2 wherein the first order maxi- 
mum of said diffraction pattern Is coincident with the 


5 center of said aperture, the width of said aperture being 


substantially equal to the width of said first order maxi- 
mum, . 
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